ABSTRACT: Primary bovine muscle cell culture studies were conducted to determine whether implanting heifers had a direct effect on in vitro protein synthesis and degradation and to determine the effect of implanting heifers on longissimus muscle palatability. Feedlot heifers (n = 96) were administered one of six implant regimens to characterize their effect on in vitro amino acid uptake and protein degradation. 
Introduction
Anabolic implants are used extensively by the feedlot industry to promote growth and increase the efficiency of protein deposition (Trenkle, 1976; Roeder et al., 1986) . Estrogens and androgens are used to increase muscle protein accretion and improve efficiency by increasing protein synthesis and/or decreasing protein 1728 steaks from Rev/Rev heifers were 0.31 kg more tender (P < 0.05) than steaks from NI/NI heifers. Serum protein synthesis and degradation were not affected (P > 0.10) by any implant treatment. When primary bovine muscle cells were treated with muscle extract, amino acid uptake was greater for heifers implanted with Rev/ Rev than for the average of all other treatments (P < 0.01). The Rev/Rev implant regimen also increased (P < 0.05) amino acid uptake compared with heifers treated with RIH/Rev, Syn/Rev, NI/NI, NI/Rev, or Rev/NI. Cellular protein degradation of the muscle cell culture treated with muscle extract tended (P < 0.10) to be higher in NI/NI-treated cells compared with the average of all implant treatments. In addition, cells treated with muscle extract from heifers implanted with Rev/ Rev had lower (P < 0.05) protein degradation than the NI/NI control heifers. These results indicate that anabolic implant strategies can directly affect both muscle protein synthesis and degradation via effects that seem to be more autocrine than paracrine in nature.
degradation. Although the mechanisms by which these agents increase muscle growth are uncertain, they are known to have direct effects on protein synthesis and/ or degradation in the muscle cell or modify hormone concentrations, which in turn produce the anabolic effects in muscle Flaim et al., 1978; Roeder et al., 1986) .
Anabolic agents have been shown to increase satellite cell number, water concentration, and N content Ranaweera and Wise, 1981; Johnson et al., 1998) . Previous studies (Duckett et al.; 1997; Morgan, 1997) have shown that implants can sometimes have negative effects on palatability traits. Currently, a variety of implant programs are used by the industry. Little information is known about how different implant programs affect muscle cell protein synthesis and degradation and palatability traits. The experimental objectives were to characterize various implant programs with regard to their effects on muscle protein synthesis and degradation in a primary bovine muscle cell culture system and on palatability traits of longissimus steaks.
Materials and Methods

Animals
Two hundred eighty-eight medium-framed beef heifers (Charolais sires mated to Angus-or Hereford-crossbred dams [dams were 25 to 37.5% Brahman]) were shipped to the Texas Tech University Burnett Center. Forty-eight pens of six heifers were assigned randomly to one of six implant treatments consisting of: 1) a nonimplanted control ( Heifers were fed a 90% concentrate (steam-flaked corn-based) diet with supplemental vitamin/mineral premix and added Rumensin (33 mg/kg, DM basis) and Tylan (8.8 mg/kg, DM basis; Galyean et al., 1999) . All heifers were shipped to a commercial packing plant when average pen weights reached approximately 500 kg. The heifers were slaughtered and USDA quality and yield grade factors (USDA, 1989) were collected after chilling (2°C spray-chill) for 48 h. Of the 279 heifers that were shipped to the packing plant, 96 (eight heifers in six treatments randomly selected from within two kill groups) were subsampled to simplify collection of samples for muscle extract culture analysis.
Fabrication
At 48 h postmortem, a boneless strip loin (Institutional Meat Purchasing Specifications [IMPS] #180; USDA, 1990) was removed from each carcass, labeled, vacuum packaged, and transported to Texas Tech University for aging (4°C). Boneless, 2.5-cm-thick strip loin steaks were fabricated at 14 d postmortem. The steaks then were vacuum packaged and frozen at −20°C for about 30 d until Warner-Bratzler shear force (WBSF) and trained sensory panel analyses were conducted.
Myofibrillar Fragmentation Index
At 14 d postmortem, a 4-g sample was removed from the longissimus muscle of each strip loin for determination of myofibrillar fragmentation index (MFI). The procedures of Culler et al. (1978) were followed for MFI measurement.
Cell Culture
Because of the concern of relevance of results from cloned murine myoblasts to ruminant domestic livestock, bovine myoblasts were used in cell culture assays. Primary bovine myoblast cultures were prepared following procedures outlined by Hembree et al. (1991) . A first-trimester fetus (approximately 55 d postconception) was placed in a sterile field, and the skin was removed from the hind limb. Small pieces of muscle tissue were removed prerigor and placed in a vial of cold, sterile-filtered RPMI-1640 (RPMI, Sigma-Aldrich Co., St. Louis, MO) culture medium (without L-glutamine), containing 10% (vol/vol) fetal bovine serum (FBS). The samples then were transported (4°C) to the laboratory where the muscle was minced with a razor blade and transferred to a vial containing RPMI with 10% (vol/vol) FBS and 5% (wt/vol) collagenase. Samples were stirred constantly for 1.5 h at room temperature. The upper portion of the culture was transferred to a centrifuge tube and centrifuged for 10 min at 1,000 × g. The collagenase medium was removed and replaced with fresh RPMI plus 10% (vol/vol) FBS and resuspended by vortexing. The cells were transferred to 75-cm 2 culture flasks and incubated at 37°C with 100% humidity, 5% CO 2 , and 95% air. The cells were allowed to grow for 48 to 72 h, and then trypsinized to release them from the flask, transferred to a 15-mL conical tube, and centrifuged (1,000 × g for 5 min). Trypsin medium was aspirated, and cells were resuspended in fresh RPMI buffer with 10% (vol/vol) FBS. To decrease the inclusion of fibroblasts in the cell culture, cells were added to a 75-cm 2 culture flask and incubated (37°C) for 30 min. The medium (containing unattached myoblasts) was then transferred to a new culture flask. Because fibroblasts attach to the flask more quickly than myoblasts, this preplating procedure has been useful for obtaining a relatively pure primary myoblast culture.
Serum Preparation
To prepare the serum for the cell culture assays, blood from each animal was collected during exsanguination and held at room temperature (25°C) for approximately 6 h. Each tube then was centrifuged (1,000 × g for 10 min) to separate the clot from the serum. Serum from each animal was added to skeletal muscle basal medium (SkBM, Clonetics Inc., San Diego, CA; 5% vol/ vol). The serum/medium mixture was then sterilized by filtration through a 0.22-m filter.
Muscle Extract Preparation
Muscle extract was prepared following the procedures of Haugk et al. (1995) with the modifications described by Kerth (1999) . A 10-g sample of longissimus muscle was removed from the left side of the carcass (20 min after exsanguination [prerigor] ) for muscle extraction. All visible fat and connective tissue were removed, and the sample was placed in a 50-mL conical tube with 30 mL of extraction buffer (50 mM Tris and 10 mM EDTA with leupeptin, ovomucoid, and phenyl- methylsulfonyl fluoride to inhibit proteolysis). The sample was homogenized for 45 s using a tissue tearer and transferred to a 50-mL high-speed centrifuge tube. The samples were centrifuged (40,000 × g for 60 min) and filtered through cheesecloth to clarify. Protein concentration of each sample was determined with the biuret assay using known BSA concentrations of 0, 2.5, 5.0, 7.5, and 10.0 mg/mL of protein (Layne, 1957) , and 400 g/mL of muscle protein and 3% (wt/vol) FBS was added to SkBM and filtered through a 0.22-m filter.
Protein Synthesis Assay
The procedure for determining the rate of protein synthesis as measured by uptake of labeled amino acids was conducted as described by Reecy et al. (1994) . Briefly, bovine myoblasts were plated in 24-well plates (approximately 5,000 cells/well determined using hemocytometry) and allowed to grow for 48 h (to reach 90% confluency). The medium then was aspirated and replaced with 1.0 mL of medium containing the treatment serum or muscle extract. After a 24-h incubation, 1 Ci of a 14 C-labeled amino acid mixture (Table 1 ) was added to each well. The cells were labeled for 2 h, the medium was removed, and then the cells were lysed by adding 0.5 mL of 1 M NaOH to each well. After 2 h, 0.5 mL of 20% (wt/vol) TCA (trichloroacetic acid) was added and the plates were placed in the refrigerator overnight. Cells then were harvested, transferred to a 2.5-cm-diameter glass fiber filter disc, dried, and transferred to a liquid scintillation vial. Five milliliters of a liquid scintillation counting cocktail was added, and activity was measured as disintegrations per minute (dpm) in a Beckman liquid scintillation counter (model 6500, Fullerton, CA). Amino acid uptake was defined as dpm of the cell layer. Serum or muscle extract from each animal served as the treatment and was added to the SkBM at 5% (vol/vol). All assays were performed in triplicate.
Protein Degradation Assay
Muscle cell protein degradation percentage was determined by following procedures described by Ballard et al. (1986) . Bovine myoblasts were plated in 24-well plates (approximately 5,000 cells/well determined by hemocytometry) and allowed to grow for 48 h. The medium was replaced by 1.0 mL of SkBM with 10% (vol/ vol) FBS and 1 Ci of 14 C-labeled amino acids (Table  1) . After a 24-h incubation (37°C), the labeling medium was removed and each well was washed twice with fresh medium. One milliliter of SkBM with treatment serum or muscle extract (chase medium) was placed in each well and incubated for 4 h. The chase medium was removed, each well was rinsed, and 1.0 mL of SkBM containing 5% (vol/vol) treatment serum or muscle extract (using SkBM only, as a control) was placed in each well. Each plate then was incubated for an additional 2 h. One-half milliliter of the medium was transferred to a 1.5-mL tube, and 0.5 mL of cold 20% TCA ([vol/vol] final concentration of 10% TCA) was added, vortexed, transferred to a glass-fiber filter, and rinsed with 5% (vol/vol) TCA. Additionally, 0.5 mL of the medium was transferred to a scintillation vial and counted for total medium dpm. Finally, the cells were lysed, harvested, and counted as described for amino acid uptake. The samples for each animal were analyzed in triplicate. Protein degradation was expressed as follows:
Protein degradation, % = dpm of TCA precipitate × 100 dpm of total medium + dpm of cell layer
Warner-Bratzler Shear Force
Steaks were thawed for 24 h at 4°C and then cooked on open-hearth broilers (Farberware, Bronx, NY) to 40°C, turned, and removed when they reached 71°C (AMSA, 1995) . Internal temperature was monitored with a stainless steel puncture probe connected to a Cooper Instruments digital thermometer (model SH66A, Middlefield CT). The probe was placed in the center of each steak. Steaks were then cooled at 4°C for 24 h, and six 1.3-cm diameter cores were removed from each steak parallel to the orientation of the muscle fibers. Each core was sheared once perpendicular to the muscle fiber with a WBSF instrument (GR Electric Mfg., Manhattan, KS).
Trained Sensory Panel
Steaks were thawed and cooked as described for WBSF measurements. After cooking, fat and connective tissue were removed and each steak was cut into cubes (1 cm × 1 cm × steak thickness) and placed in pans kept warm with heated sand. Two cubes were served to each member of an eight-member trained sensory panel . Panel members were served samples under red lighting and were supplied with apple juice and water for rinsing the palate and a cup for expectoration. Members evaluated each sample on a scale of 1 to 8 for initial juiciness, sustained juiciness, initial tenderness, sustained tenderness, flavor intensity, beef flavor, and overall mouth feel (1 = extremely dry, tough, bland, off-flavor, and uncharacteristic of young beef; 8 = extremely juicy, tender, intense, beeflike and characteristic of young beef; AMSA, 1995).
Experimental Design
Treatments were arranged in a randomized complete block design with the two kill groups serving as blocks. Data were analyzed using the GLM procedure of SAS (SAS Inst., Inc., Cary, NC), with block and implant regimen in the model and the residual variance serving as the error term. Meaningful comparisons among implant treatments were sought and means were analyzed using nonorthogonal, linear contrasts to compare the various implant combinations: NI/NI vs. all other implants, NI/NI vs. all double implanted, NI/NI vs. all single implants, single implant vs. double implant, each implant vs. NI/NI, each double implant vs. each double implant, and NI/Rev vs. Rev/NI were compared. Simple correlations were calculated using the CORR procedure in SAS. The acceptable level of making a type-I error was 5%.
Results
Carcass Data
Heifers used to determine the protein synthesis/degradation assays and sensory evaluation averaged 510 kg at slaughter and had an average dressing percentage of 62.6% (Table 2) . Marbling score averaged low Slight (408.8), which resulted in an average low Select USDA quality grade. The preliminary yield grade and adjusted preliminary yield grade of 2.96 and 3.23, respectively, indicated carcasses had about 1.0 cm of fat at the 12th rib. The average final yield grade was 2.6, but the carcasses ranged from yield grade 1.1 to 4.9. Performance and carcass data for the 279 heifers used in the overall experiment were previously reported by Galyean et al. (1999) .
Myofibrillar Degradation, Warner-Bratzler Shear Force, and Sensory Traits
Means and standard errors for MFI, WBSF, cooking loss, and sensory traits are presented in Table 3 . Linear contrasts indicated that total MFI, cooking loss, initial juiciness, sustained tenderness, beef flavor, and overall mouth feel traits were not affected (P > 0.10) by implant regimen. Mean WBSF values were greater (P < 0.05) for steaks from NI/NI heifers compared with steaks from heifers implanted with Rev/Rev, but no other implant regimen differed (P > 0.10).
Sustained juiciness scores of steaks from heifers implanted with NI/Rev were higher than steaks from heifers implanted with Rev/Rev (P < 0.05) and tended to be higher than heifers implanted with RIH/Rev (P < 0.10). Sustained juiciness scores were not affected (P > 0.10) by any other implant or implant combination treatment. Steaks from heifers implanted with Rev/NI tended to have higher (P < 0.10) initial tenderness and flavor intensity scores compared with steaks from heifers implanted with Syn/Rev. All other implant combination treatments did not affect (P > 0.10) initial tenderness, flavor intensity, or overall mouth feel.
Cellular Amino Acid Uptake and Protein Degradation
Amino acid uptake and protein degradation measured by treating fetal muscle cells with serum from heifers were not affected (P > 0.10) by any implant combination; however, when fetal muscle cells were treated with muscle extract, amino acid uptake was greater (P < 0.01) for muscle extract from heifers implanted with Rev/Rev than for all other implant treatments (Table 4) . Extract from heifers implanted with Rev/Rev also had higher (P < 0.05) amino acid uptake than that from heifers receiving NI/NI, NI/Rev, Rev/ NI, RIH/Rev, or Syn/Rev. Amino acid uptake was not affected (P > 0.10) by any other implant treatment combination. Cellular protein degradation tended (P < 0.10) to be greater in NI/NI-treated cells compared to implant treatments. In addition, cells treated with extract from heifers implanted with Rev/Rev had 6.3% less (P < 0.05) protein degradation than cells treated with extract from the NI/NI control heifers.
Correlations
Myofibrillar fragmentation index was related negatively to WBSF and positively to initial tenderness, sustained tenderness, and overall mouth feel (P < 0.05, Table 5 ). The MFI, serum uptake and degradation, and muscle extract uptake and degradation were not correlated (P > 0.05) with any other sensory trait or WBSF, nor were they correlated with any carcass trait (P > 0.05; data not shown). Amino acid uptake = dpm of cell layer after a 2-h incubation with treatment and 14 C-labeled amino acids. Protein degradation, % = (dpm of TCA precipitate × 100)/(dpm of total medium + dpm of cell layer).
x Revalor/Revalor treatment was different (P < 0.05) from all other implant treatments.
y Revalor/Revalor treatment was different (P < 0.05) from the no implant/no implant treatment.
Discussion
Implanting beef cattle promotes growth and increases the efficiency of protein deposition (Trenkle, 1976; Roeder et al., 1986) . Use of anabolic agents, such as trenbolone acetate, has been shown to improve muscling and carcass yield (Apple et al., 1991; Johnson et al., 1996) . Although anabolic implants improve production efficiency of beef cattle, the effects of implants on tenderness have produced mixed results. Some studies have shown that implanting beef cattle decreased tenderness and increased WBSF (Samber et al., 1996; Duckett et al., 1997; Morgan, 1997) , whereas others have found that some implant regimens have no effect on tenderness or WBSF (Gerken et al., 1995; Pruneda et al., 1999) . The present study showed no adverse ef- fects of implants or hormone concentration on WBSF or palatability traits in heifers that were implanted with any combination of implant treatments. Because steaks from implanted cattle sometimes tend to be less tender, we hypothesized that the mechanism for increased muscling in implanted cattle is caused by a decrease in protein degradation. This decreased degradation antemortem was then thought to reduce the effect of aging on postmortem proteolysis/ tenderization. Results from the present study support this theory as shown by the decrease in vitro protein degradation for primary bovine muscle cells treated with muscle extracts from implanted heifers compared with those from NI/NI heifers, whereas heifers from the Rev/Rev treatment had lower shear force values, which refutes the theory. The present study also indicates that muscle protein accretion is enhanced (increased amino acid uptake in Rev/Rev heifers), inferring that protein synthesis is increased by the Rev/Rev treatment, which refutes the notion that implants act primarily by reducing protein degradation. Most likely, the increase in muscling associated with implanting beef cattle is the net result of increased protein synthesis and decreased protein degradation.
Protein turnover in muscle is a ratio of muscle protein accretion and muscle cell proliferation to protein degradation. A variety of methods, including N τ -methylhistidine excretion, infusion with [ 2 H 5 ]-phenylalanine, and radioactively labeling live animals, have been used to measure protein synthesis and degradation (Jones et al., 1986; Hayden et al., 1992; Lorenzen et al., 2000) . These methods can be both expensive and labor intensive. The method used in the present study for measuring skeletal muscle protein turnover is less labor intensive and is not as controversial as the use of radioactive materials in live animals.
Implant regimen did not affect cellular protein synthesis or degradation differences in the present study when serum was added to the cell cultures. Skjaerlund et al. (1988) also demonstrated that protein turnover was not affected by adding serum to skeletal muscle strips, whereas Thomson et al. (1996) found that incubating bovine fetal muscle cells with serum from steers that had been treated with bovine somatotropin or steroidal implants increased amino acid uptake, but did not affect protein degradation. Johnson et al. (1996) reported that adding serum from steers treated with trenbolone acetate and estradiol implants increased proliferation of muscle satellite cells. Because protein turnover differed in muscle extracts depending on implant type and not in serum-treated cultures, it is possible that implants have an effect on muscle growth that is autocrine, rather than paracrine, in nature. Anabolic agents have a variety of effects on muscle at the cellular level. Androgen effects on muscle growth have been linked to changes in insulin, IGF-1, and antogonistic effects on the normal catabolic action of glucocorticoids (Florini, 1987; Celotti and Cesi, 1992; Rooyackers and Nair, 1997) . Understanding anabolic steroid effects on muscle protein turnover is further complicated by the fact that sarcoplasmic and myobibrillar protein degradation pathways function independently of each other and involve multiple pathways (Fernandez and Sainz, 1997) .
In the present study, administration of a trenbolone acetate/estradiol combination implant increased protein synthesis and decreased protein degradation. Trenbolone acetate and estradiol implants have been shown to increase circulating IGF-1 and IGFBP concentrations and to elevate satellite cell numbers (Johnson et al., 1996 (Johnson et al., , 1998 . Johnson et al. (1996) reported that IGF-1 concentrations decreased over the feeding period, and the observed decrease in IGF-1 concentration might explain the lack of implant effects when serum samples taken at harvest were added to cultures. The binding capacity of the testosterone receptor on skeletal muscle has been shown to decrease over time when exposed to trenbolone acetate (Sinnett-Smith et al., 1987) ; thus, if serum samples had been taken earlier in our experiment, we might have seen a larger paracrine effect on protein turnover.
Results of the present study indicate that fetal bovine muscle cells treated with muscle extracts could be used to detect changes in protein degradation and amino acid uptake in vitro, and the method does not require as many resources as traditional indirect detection methods. Treatment of muscle cells with serum from implanted animals did not allow for detection of changes in protein turnover for implanted vs. nonimplanted beef cattle in the present study. Trenbolone acetate and estradiol implantation have been shown to increase skeletal muscle protein, N-accretion, and intracellular water content Ranaweera and Wise, 1981; Perry et al., 1991) . Unfortunately, results on the effects of anabolic steroids on cellular protein synthesis and degradation are contradictory. Testosterone and estradiol were shown to have no effect on muscle cellular protein synthesis or degradation (Roeder et al., 1986; Desler et al., 1996) , whereas Martinez et al. (1984) and Hayden et al. (1992) showed that testosterone and trenbolone acetate increased protein synthesis only. Conversely, Hunter and Magner (1990) found trenbolone acetate decreased protein degradation. In general, our results agree with the body of literature that trenbolone acetate had its strongest effect on protein synthesis and not protein degradation.
Implications
It appears that implants trigger a mechanism within the muscle cell that increases protein accretion rather than affecting a regulatory mechanism circulating in the blood. This mechanism affects both protein synthesis and protein degradation as opposed to mainly decreasing protein degradation, as was previously thought. As a result, implants may not necessarily decrease beef tenderness.
